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Bimetallic  alloy  PdnM  (n  =  1  for  M  =  Mn,  Fe,  and  Co;  n  =  1,  2,  and  3  for  M  =  Ni)  nanoparticles  (NPs)  are 
synthesized  on  carbon  supports  by  sonochemical  reactions  of  Pd(acac)2  (acac  =  acetylacetonate)  with 
M(acac)2  (M  =  Ni,  Co,  Mn)  or  Fe(acac)3  in  ethylene  glycol.  The  NPs  are  characterized  by  powder  X-ray 
diffractometry,  transmission  electron  microscopy  (TEM),  and  inductively  coupled  plasma-atomic  emis¬ 
sion  spectroscopy  to  determine  their  crystal  structures,  particle  sizes,  morphology,  and  elemental 
compositions.  Alloy  formation  of  the  NPs  is  proven  by  energy  dispersive  X-ray  spectroscopy  line  profiles 
using  scanning  TEM.  The  electronic  structures  and  the  surface  compositions  of  NPs  are  analyzed  using  X- 
ray  photoelectron  spectroscopy,  and  Fourier-transform  infrared  spectroscopy,  respectively.  PdnM  NPs 
are  applied  as  electrocatalysts  for  formic  acid  oxidation.  The  incorporation  of  M  in  Pd  reduces 
the  poisoning  by  surface  hydroxyl  groups.  Activities  based  on  the  current  densities  are  in  the  order  of 
PdNi  >  PdFe  >  PdCo  >  PdMn.  Within  the  PdnNi  series,  the  activity  is  in  the  order  of 
PdNi  >  Pd2Ni  >  PdsNi.  The  PdnM  NP  electrocatalysts  show  higher  activity  by  a  factor  of  2-3.5  and 
improved  durability  than  similarly  prepared  Pd  NP  electrocatalyst. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  increasing  worldwide  energy  demand  and  environment 
concerns  have  stimulated  extensive  research  into  power  sources 
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with  high  energy  conversion  efficiency  and  low  pollutant  emissions 
[1].  Fuel  cell  technology  is  one  of  the  most  studied  fields  in  this 
regard  due  to  its  unique  properties,  which  include  relatively  clean 
exhaust  and  high  energy  density.  Among  the  various  types  of  fuel 
cells,  proton  exchange  membrane  fuel  cells,  direct  methanol  fuel 
cells,  and  direct  formic  acid  fuel  cells  (DFAFCs)  are  suggested  to  be 
the  most  competitive  choices  for  automobile  and  portable  elec¬ 
tronic  applications  [2-4]. 
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Recently,  much  attention  has  been  focused  on  DFAFCs  because 
formic  acid  has  a  lower  oxidation  potential,  better  oxidation 
kinetics,  and  a  lower  crossover  rate  than  methanol  due  to  the 
repulsive  interactions  between  the  Nation  membrane  and  formate 
anions  [5,6].  Although  notable  progress  in  DFAFCs  has  been  ach¬ 
ieved,  several  issues  have  precluded  their  use  in  real  applications 
[7].  Further,  no  catalysts  reported  thus  far  satisfy  all  of  the 
requirements  of  performance,  stability,  and  availability  for  real 
applications  [8].  For  instance,  Pt  catalyst  is  seriously  poisoned  by 
CO,  which  is  formed  as  a  reaction  intermediate  during  the  indirect 
dehydration  pathway  of  the  formic  acid  oxidation  (FAO)  reaction 
[8,9].  Even  if  this  CO  poisoning  problem  can  be  solved,  the  high 
cost  and  scarcity  of  Pt  [10-13]  are  expected  to  be  serious  chal¬ 
lenges  for  Pt-based  electrocatalysts.  On  the  other  hand,  electro¬ 
catalysis  by  Pd  catalysts  occurs  through  the  direct  dehydrogenation 
pathway,  which  is  less  susceptible  to  the  CO  poisoning  effect, 
exhibiting  high  initial  activity.  For  these  reasons,  Pd  catalysts  are 
gaining  increasing  importance  as  electrocatalysts  for  DFAFCs.  Pd 
catalysts,  however,  suffer  from  a  rapid  loss  of  the  catalytic  activity 
over  time  [14]. 

One  of  the  strategies  to  improve  the  performance  of  existing 
catalysts  is  the  incorporation  of  a  transition  metal  (M)  element  into 
Pd  [14].  Pd-M  alloy  electrocatalysts  have  been  synthesized  by 
various  methods  such  as  co-precipitation,  impregnation,  sputter¬ 
ing,  colloidal  methods,  and  electrodeposition.  These  have  been 
tested  as  electrocatalysts  in  DFAFCs,  producing  promising  results. 
The  synthesis  of  alloy  nanoparticles  (NPs),  however,  themselves 
remains  a  paramount  challenge.  Some  methods  use  high  temper¬ 
atures,  which  inevitably  causes  particle  aggregation  or  sintering, 
thus  decreasing  the  electrocatalytic  activity  of  the  catalysts.  Other 
methods  require  one  or  more  of  ancillary  additives  such  as  sur¬ 
factants,  reductants,  pH  adjusters  or  require  multiple  steps,  thereby 
raising  the  production  cost  [14-23].  A  reliable  method  is  required 
for  widespread  commercialization. 

Recently,  sonochemistry  has  been  used  in  this  arena  to  sur¬ 
mount  many  of  the  issues  related  to  the  synthesis  of  NP  electro¬ 
catalysts  because  the  sonochemical  methods  have  been  proven  to 
be  efficient  for  generating  NPs  and  nanoalloys  in  a  short  period  of 
time  [24-27].  In  this  study,  sonochemistry  was  used  for  the  syn¬ 
thesis  of  the  NPs  of  PdnM  (n  =  1  for  M  =  Mn,  Fe,  Co;  n  =  1,  2,  and  3 
for  M  =  Ni)  supported  on  carbon  (PdnM/C)  for  DFAFC  electro¬ 
catalysis.  The  alloy  NPs  were  obtained  in  one-pot  reactions  of 
Pd(acac)2  (acac  =  acetylacetonate)  with  an  acac-complex  of  Mn(II), 
Fe(III),  Co(II)  or  Ni(II).  To  our  best  knowledge,  PdFe  and  PdMn  NPs 
have  not  been  reported  yet.  Our  experimental  results  show  that 
PdM/C  catalysts  have  higher  activity  and  improved  durability  for 
FAO  than  Pd/C. 


2.  Experimental  section 

2.1.  Chemicals 

Palladium(II)  acetylacetonate  (Pd(acac)2  99%),  nickel(II)  acety¬ 
lacetonate  (Ni(acac)2,  95%),  cobalt(II)  acetylacetonate  (Co(acac)2, 
97%),  iron(III)  acetylacetonate  (Fe(acac)3,  99.9%),  manganese(II) 
acetylacetonate  (Mn(acac)2,  97%),  perchloric  acid  (70%),  Palladium 
black  (Pd-black,  99.95%,  40-60  m2  g-1),  and  a  Nation  solution 
(5  wt%)  were  purchased  from  Aldrich.  Ketjen  Black  (carbon  sup¬ 
port)  was  donated  from  Samsung  Advanced  Institute  of  Technology 
(SAIT).  Ethylene  glycol  (99.9%)  and  ethanol  (99.9%)  were  purchased 
from  Samchun  Pure  Chemical  Co.,  and  CO  gas  (99.5%)  was  pur¬ 
chased  from  the  Deokyang  Co.  Filter  papers  were  purchased  from 
Whatman.  Ultrapure  water  (Millipore,  18.2  MO  cm)  was  used 
throughout  the  work. 


2.2.  Synthesis 

Pd(acac)2,  a  M-reagent,  and  a  carbon  support  (see  details  about 
loading  amounts  in  Table  SI)  were  added  into  a  three-necked  flask 
containing  ethylene  glycol  (30  ml).  Pure  Ar  was  bubbled  through 
the  solution  for  45  min  to  remove  oxygen  before  the  addition  of  the 
reagents.  A  500  kW  ultrasound  generator  (Sonic  and  Materials,  VC- 
500,  20  kHz  with  a  13  mm  solid  probe)  with  30%  amplitude  was 
applied  for  3  h  under  an  Ar-environment  at  room  temperature.  The 
obtained  blackish  slurry  was  filtered,  washed  with  ethanol,  and 
then  dried  under  a  vacuum  for  12  h  at  room  temperature. 

2.3.  Characterization 

X-ray  diffraction  (XRD)  patterns  were  recorded  with  a  powder 
X-ray  diffractometer  (DC/Max  2000,  Rigaku,  Cu  Ka,  A  =  1.54056  A). 
High-resolution  transmission  electron  microscopy  (HRTEM)  im¬ 
ages  were  obtained  on  a  TEM  (JEOL,  JE-3011  at  300  kV)  to  obtain 
information  on  the  size  and  size  distribution  of  NPs.  Compositions 
of  NPs  were  obtained  by  using  the  energy  dispersive  X-ray  spec¬ 
troscopy  (EDS)  apparatus  attached  to  the  TEM.  High-angle  annular 
dark  field  (HAADF)  images  coupled  to  EDS  were  recorded  on  a 
scanning  TEM  (STEM,  FEI  Tecnai  G2  F30  at  300  kV)  for  the 
elemental  distribution  of  the  NPs.  A  very  small  amount  of  the 
sample  was  well  dispersed  by  ultrasound  in  ethanol,  and  then 
several  drops  of  the  solution  were  deposited  onto  a  carbon-coated 
copper  grid,  followed  by  drying  under  ambient  conditions.  Overall 
compositions  of  synthesized  samples  were  obtained  by  inductively 
coupled  plasma-atomic  emission  spectroscopy  (ICP-AES,  OPTIMA 
4300DV  PerkinElmer).  A  fixed  amount  of  each  sample  was  dis¬ 
solved  in  aqua  regia  at  ~  100  °C  for  4  h  and  then  the  resulting  so¬ 
lution  was  diluted  with  distilled  water.  The  carbon  support  was 
separated  from  the  solution  by  using  a  syringe-filter.  Reported 
compositions  are  averaged  values  of  three  independent  measure¬ 
ments  on  each  sample.  X-ray  photoelectron  spectroscopy  (XPS, 
ESCA  2000,  VG  Microtech.)  was  conducted  with  a  monochromatic 
Al  Ka  source  (1486.6  eV)  to  investigate  the  electronic  and  the 
compositional  properties.  The  reported  binding  energies  (BEs)  from 
XPS  are  calibrated  values  with  respect  to  C  1  s  at  284.8  eV.  Fourier- 
transform  infrared  spectroscopy  (FT-IR,  Bruker  IFS-66/S)  was  used 
to  measure  the  stretching  frequencies  of  CO  molecules  adsorbed  on 
the  electrocatalysts.  5  mg  of  each  sample  was  ultrasonically 
dispersed  in  10  ml  ethanol,  and  the  obtained  dispersion  was 
bubbled  with  CO  for  30  min  at  a  blowing  speed  of  100  cc  min-1.  The 
suspended  NPs  dosed  with  CO  were  mounted  on  KRS-5  (Thallium 
Bromo-Iodide)  for  the  FT-IR  measurement. 

2.4.  Electrode  preparation 

5  mg  of  a  sample  was  dispersed  in  2.5  g  of  distilled  water  by 
ultrasound  until  the  dark  dispersion  became  homogeneous.  Then, 
5  pL  of  the  dispersion  was  pipetted  onto  the  surface  of  a  glassy 
carbon  rotating  disc  electrode  (RDE,  d  =  3.0  mm,  geometric 
area  =  0.0707  cm2).  The  catalyst-coated  electrode  surface  was  then 
dried  under  atmospheric  conditions,  followed  by  the  addition  of 
5  pL  of  a  0.05  wt%  Nation  solution  on  top  of  the  catalyst  layer.  This 
Nation  solution  was  used  to  mechanically  protect  the  electrode 
materials. 

2.5.  Electrochemical  measurements 

The  electrocatalytic  activity  was  evaluated  using  a  potentiostat 
(Ivium  Compactstat,  Ivium  technology)  and  a  standard  three- 
electrode  electrochemical  cell  equipped  with  a  glassy  carbon  RDE 
coated  with  a  catalyst  as  a  working  electrode,  a  Ag/AgCl  in  KCl  (3  M) 
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reference  electrode,  and  a  Pt-net  counter  electrode  for  all  electro¬ 
chemical  measurements.  The  working  electrode  was  electro- 
chemically  pretreated  at  the  potential  range  from  0.3  to  1.1  V  with  a 
scan  rate  of  500  mV  s-1  for  100  cycles  before  each  measurement. 
Cyclic  voltammograms  (CVs)  were  measured  in  a  0.1  M  HCIO4 
aqueous  solution  at  a  scan  rate  of  50  mV  s-1  under  a  ^-environ¬ 
ment  in  the  potential  range  of  0.0-1.25  V.  Electrocatalytic  activity 
for  FAO  was  investigated  by  CV  in  a  0.1  M  HCIO4  containing  0.5  M 
HCOOH  at  a  scan  rate  of  50  mV  s-1  in  the  potential  range  of  0.0- 
0.9  V.  The  stability  test  was  carried  out  by  running  cycling  tests  of 
500  cycles  in  the  same  conditions  as  the  FAO  measurement  for  all 
samples.  For  CO-stripping  measurements,  a  monolayer  coating  of 
CO  on  the  electrode  was  achieved  by  bubbling  CO  into  the  elec¬ 
trolyte  for  25  min,  while  a  potential  of  0.2  V  was  applied  to  the 
immersed  electrode.  After  purging  the  solution  with  N2  for  10  min 
to  remove  free  CO,  CV  was  performed  at  a  scan  rate  of  50  mV  s-1  in 
the  potential  range  of  0.0-1.25  V. 

All  electrochemical  measurements  (CV,  FAO,  stability  test  and 
CO-stripping)  were  performed  at  room  temperature  under  ambient 
pressure,  and  a  fresh  electrolyte  (0.1  M  HCIO4)  was  used  for  each 
electrochemical  measurement.  The  reported  potentials  in  this  work 
are  corrected  with  respect  to  the  reversible  hydrogen  electrode 
(RHE).  Current  densities  obtained  from  the  CVs,  and  CO-stripping 
are  normalized  with  respect  to  the  geometric  surface  area  of  an 
RDE. 


3.  Results  and  discussion 

3.1  Compositional  and  structural  analyses 

PdnM/C  samples  were  synthesized  by  sonochemical  reactions  in 
ethylene  glycol.  In  each  reaction,  measured  amounts  of  Pd(acac)2 
and  a  M-reagent  were  used  to  make  30  wt%  of  the  metal  (Pd  +  M) 
content  in  the  final  product  PdnM/C  in  the  desired  stoichiometric 
ratio.  The  compositions  analyzed  by  ICP-AES  and  EDS  agree  with 
each  other  and  show  that  the  reactions  are  almost  quantitative 
(87-93%  based  on  both  Pd  and  M,  Table  SI  in  the  Supplementary 
content).  It  must  be  noted  that  the  reactions  have  been  run  without 
any  additives.  The  solvent  ethylene  glycol  functions  as  a  surface- 
stabilizer  as  well  as  the  expected  reducing  agent.  As  will  be 
shown  below,  PdNi/C  showed  the  highest  electrocatalytic  activity 
in  the  PdM/C  series.  In  order  to  observe  the  effect  of  composition  on 
the  electrocatalytic  activity,  we  synthesized  Pc^Ni/C  and  Pd2Ni/C 
following  the  same  procedure.  For  comparison,  we  also  synthesized 
Pd/C  by  the  same  procedure  except  that  no  M-reagent  was  used. 

The  XRD  patterns  of  PdnM/C  and  Pd/C  are  shown  in  Fig.  1.  The 
pattern  of  Pd/C  shows  a  broad  peak  at  26  =  25.1°,  which  is  assigned 
to  the  (002)  plane  of  the  carbon  support  and  a  series  of  peaks  at 
26  =  40°,  46.5°  and  68°  which  are  assigned  to  the  (111),  (200),  and 
(220)  planes,  respectively,  of  the  face-centered  cubic  (fee)  lattice  of 
Pd  (JCPDS  no.  87-0643).  The  patterns  of  PdM/C  samples  show 
similar  characteristics,  but  the  peaks  are  shifted  by  ~  0.5°  towards 
the  higher  angles  from  Pd/C.  Calculated  lattice  parameters  of  PdM / 
C,  a  =  3.865-3.889  A,  are  smaller  than  that  of  Pd/C,  a  =  3.958  A.  The 
lattice  parameter  of  Pd/C  is  slightly  larger  than  that  of  pure  Pd 
(a  =  3.918  A),  which  indicates  hydrogen  absorption  in  the  fee  lattice 
[28].  Lattice  parameters  of  PdM/C  samples  are  in  agreement  with 
data  on  related  materials  in  the  literature  such  as  PdCo  (0.388  nm) 
[28]  and  (0.386  nm)  [29],  PdFe  (3.89)  [30],  PdNi  (0.3888  nm)  [31], 
and  core-shell  Co@Pd  (0.388  nm)  [28  .  The  decrease  in  the  lattice 
parameter  indicates  the  incorporation  of  the  M  elements  into  the 
Pd  lattice.  The  absence  of  any  peak  of  the  M  elements  or  their 
compounds  other  than  the  PdM  phases  in  the  XRD  patterns  sug¬ 
gests  that  samples  are  free  from  macroscopic  phase  segregation. 
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Fig.  1.  XRD  patterns  of  Pd/C  and  PdnM/C  samples  (n  =  1  for  M  =  Mn,  Fe,  and  Co;  n  =  1, 
2,  and  3  for  M  =  Ni). 


Crystallite  sizes  estimated  by  the  Scherrer  equation  [32]  on  the 
(111)  peaks  are  around  7  nm  for  all  samples  (Table  1). 

PdM/C  samples  were  analyzed  by  TEM  and  EDS  for  the 
morphology  of  the  NPs  and  elemental  distribution  within  individ¬ 
ual  NPs.  We  will  present  the  data  on  PdNi/C  here.  Data  on  the  other 
samples  are  given  in  the  Supplementary  content  (Figs.  SI -3).  The 
low  magnification  TEM  image  on  PdNi/C  in  Fig.  2(a)  shows  that  this 
sample  is  composed  of  well  dispersed  NPs  on  the  carbon  support. 
The  particle  size  distribution  histogram  in  Fig.  2(b),  obtained  by 
counting  about  100  NPs  in  the  TEM  image,  shows  that  the  average 
size  is  8.3  ±  1.9  nm,  slightly  larger  than  the  estimation  using  the 
Scherrer  equation.  As  shown,  many  NPs  with  triangular  shapes  are 
observed,  which  are  probably  the  (111)  facets  of  the  truncated 
octahedral  NPs.  Two  HRTEM  images  of  two  representative  PdNi  NPs 
are  shown  in  Fig.  2(c,d).  The  d-spacings  measured  from  the  lattice 
fringes  are  at  ~0.23  nm,  which  agree  well  with  dm  =  ~ 0.224  nm 
from  the  XRD  pattern.  Most  of  the  small  (<5  nm)  NPs  appear  to  be 
single  crystals,  as  shown  in  Fig.  2(c),  while  the  large  NPs  are  poly¬ 
crystalline,  as  shown  in  Fig.  2(d).  This  explains  the  larger  particle 
size  observed  from  the  TEM  image  than  the  crystallite  size  from  the 
XRD  data. 


Table  1 

Comparison  of  structural  and  electrochemical  analysis  data  of  Pd/C  and  PdnM/C 
(n  =  1  for  M  =  Mn,  Fe,  and  Co;  n  =  1,  2,  and  3  for  M  =  Ni)  electrocatalysts. 


Sample  Particle  Lattice 

ECSAs 

CO-stripping  Current  density 

size 

parameter  from 

charge  (pC)c 

(A  mgpd)  at  peak 

(nm)a 

(A)a 

CVs  (cm2^ 

>b 

potentials  (V)d 

Forward  Backward 

Pd/C  7.8 

3.958 

0.875 

503.37 

0.715  (0.58)  0.601  (0.59) 

Pd3Ni/C  7.3 

3.889 

0.854 

408.77 

1.516  (0.58)  1.292  (0.58) 

Pd2Ni/C  7.2 

3.885 

0.835 

377.39 

1.704(0.55)  1.339  (0.54) 

PdNi/C  6.9 

3.865 

0.804 

317.39 

2.471  (0.53)  2.094  (0.53) 

PdCo/C  7.1 

3.866 

0.823 

326.78 

2.330  (0.55)  1.929  (0.56) 

PdFe/C  6.8 

3.869 

0.826 

241.6 

2.436  (0.58)  1.976(0.57) 

PdMn/C  6.9 

3.865 

0.769 

415.22 

2.129  (0.55)  1.834(0.58) 

a  The  crystallite  sizes  were  calculated  by  Scherrer  equation  on  the  (111)  peaks  of 
the  XRD  pattern. 

b  ECSAs  calculated  from  the  hydrogen-desorption  area  of  the  CVs. 
c  Charge  calculated  from  the  anode  peaks  of  the  CO-stripping  curves. 
d  Current  density  from  the  forward  and  backward  peaks  from  the  CVs  of  FAO. 
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Fig.  2.  TEM  data  on  PdNi/C:  (a)  low  resolution  TEM  image,  (b)  particle  size  distribution  and  high  resolution  TEM  images  on  (c)  a  small  and  (d)  a  large  nanoparticle. 


Elemental  distribution  within  single  NPs  was  investigated  by  two 
different  EDS  methods,  one  attached  to  a  conventional  TEM  (TEM- 
EDS),  and  the  other  attached  to  an  STEM  (STEM-EDS).  In  the  TEM- 
EDS  analysis,  we  selected  a  few  NPs  with  different  shapes  and  took 
the  EDS  spectra  at  the  centers  and  at  the  edges.  Fig.  3(a,b)  shows  the 
results  on  two  different  NPs  in  PdNi/C.  The  compositions  from  TEM- 
EDS  (Pd/Ni  =  0.95-1.14)  agree  well  with  that  of  the  bulk  sample  by 
ICP-AES  (Pd/Ni  =  1.07).  Considering  that  the  error  range  of  the  EDS 
elemental  analysis  is  about  a  few  at.%,  the  two  NPs  have  the  same 
composition  both  at  the  center  and  the  edge.  These  data  suggest  that 


the  NPs  in  the  sample  are  uniform  in  composition  and  that  Pd  and  Ni 
are  evenly  distributed  within  each  of  the  individual  NPs.  The  latter 
point  is  further  confirmed  by  the  STEM-EDS  line  profiles  of  Pd  and 
Ni  within  a  NP  shown  in  Fig.  3(c).  The  distribution  curves  of  Pd  and 
Ni  show  a  very  close  match  between  them,  indicating  uniform 
elemental  distribution.  Other  PdM/C  samples  are  also  analyzed  in 
exactly  the  same  way,  and  their  characteristics  are  analogous  to 
those  of  PdNi/C  (see  Supplementary  content,  Figs.  S4-6). 

The  Pd  3d  XPS  spectra  of  Pd/C  and  PdM/C  are  shown  in  Fig.  4(a). 
The  Pd  3d5/2  and  3d3/2  peaks  of  the  Pd/C  sample  appear  at  335.59  and 


Fig.  3.  Elemental  distribution  analyses  on  single  nanoparticles  in  PdNi/C:  (a)  TEM-EDS  data  on  a  central  and  an  edge  point  of  a  small  and  (b)  a  large  nanoparticle,  and  STEM-EDS 
line  profiles  for  Pd  and  Ni  of  a  nanoparticle.  Inset  in  (c)  is  the  STEM-HAADF  image  of  the  nanoparticle  of  the  STEM-EDS  line  profile. 
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340.94  eV,  respectively,  in  good  agreement  with  the  values  in  the 
literature  [32-35].  These  peaks  are  down-shifted  in  PdM/C  samples 
by  0.4— 0.7  eV  for  both  Pd  3d5/2  and  Pd  3d3/2,  which  can  be  attributed 
to  the  charge  transfer  from  M  to  Pd  atoms.  According  to  the  d-band 
center  model  by  Hammer  and  Norskov  [36],  charge-transfer  to  Pd 
induces  down  shift  of  the  Pd  d-band  center  which,  in  turn,  induces 
weakening  of  Pd-adsorbate  interaction.  Kibler  et  al.  [37]  and  Zhang 
et  al.  38  ],  independently,  reported  that  the  down  shift  of  the  d-band 
center  of  Pd  by  an  appropriate  amount  increases  the  electrocatalysis 
of  formic  acid  on  the  Pd  surface.  The  magnitude  of  the  XPS  peak 
shifts  (ABEs)  are  in  the  order  PdNi  —  PdMn  >  PdCo  >  PdFe.  This 
trend  does  not  follow  what  one  may  expect  from  the  trend  in  the 
periodic  table  or  the  trend  of  the  d-band  center  theory.  Several 
different  factors  are  likely  involved  with  some  having  conflicting 
effects  with  others.  We  note  that  the  experimental  data  on  the  XPS  of 
Pd  in  the  literature  is  strongly  dependent  on  the  sample  state.  Sur¬ 
face  adsorption  of  M  on  Pd  films  or  Pd  on  M  films  mostly  induces  up¬ 
shifts  of  the  Pd  XPS  peaks  [39-41  ].  On  the  contrary,  in  most  of  the 
data  on  NPs  of  Pd  with  M,  the  Pd  XPS  peaks  are  down-shifted,  similar 
to  our  data  [17,22,32-35].  It  seems  that  the  lattice  relaxation  upon 
incorporation  of  M  into  Pd,  which  can  be  fully  allowed  in  the  NP 
systems  but  not  in  the  bulk  or  thin  film  systems,  affects  the  nature 
and  the  magnitude  of  the  effect  of  M  to  the  electronic  structure  of  Pd. 
XPS  spectra  show  no  signature  of  Pd2+  species  at  around  337.5- 
337.8  eV  for  Pd  3d5/2  and  342.1  -342.6  eV  for  Pd  3d3/2  [42  ],  indicating 
that  our  samples  are  free  from  surface  oxides. 

In  order  to  probe  the  effects  of  M  atoms  to  the  valence  electronic 
state  of  Pd,  the  stretching  frequencies  of  CO  molecules  (p(CO)) 
adsorbed  on  PdM/C  and  Pd/C  (Fig.  4(b))  are  studied.  The  frequency  of 
CO  molecules  has  been  used  as  the  measure  of  the  degree  of  7r-back 
donation  of  metal  d-electrons  to  tt*  orbitals  of  CO,  which  reflects  the 
electronic  structure  of  the  metal.  Because  magnetic  atoms  are 
strongly  unfavorable  for  interaction  with  CO  [43,44],  the  v{CO)  data 
in  our  PdM  NPs  are  likely  on  the  CO  molecules  bonded  to  Pd  atoms. 
Pd/C  shows  a  v{CO)  of  2025  cm-1.  This  is  red-shifted  to  1981- 
1999  cnrT1  in  PdM/C.  The  magnitude  of  the  peak  shift  (Ap(CO))  is  in 
the  order  PdMn  >  PdCo  >  PdFe  >  PdNi.  According  to  the  d-band 
center  theory  [36],  M  atoms  down-shift  the  d-band  center  of  Pd  with 
magnitude  in  the  order  of  M  =  Mn  >  Co  >  Fe  >  Ni.  Because  lowering 
of  the  d-band  level  with  respect  to  the  Fermi  level  strengthens  the 
Pd— C  7r-back  donation  interaction,  the  observed  trend  of  ^(CO)  can 
be  well  accounted  for  with  the  d-band  center  theory. 

3.2.  Electrochemical  studies 

Fig.  5(a)  shows  the  CV  curves  of  PdM/C  and  Pd/C  electro¬ 
catalysts.  All  of  the  faradaic  peaks  in  the  CVs  are  the  characteristic 


features  of  Pd-containing  catalysts.  The  peaks  at  -0.05  V  and 
-0.245  V  are  assigned  to  the  hydrogen  adsorption  on  the  (100)  and 
(111 )  planes  of  Pd,  respectively  [28,45].  The  peaks  at  -0.54  V  in  the 
anodic  sweeps  and  those  at  -0.7  V  in  the  cathodic  sweeps  are 
assigned  to  the  oxide  formation  and  decomposition,  respectively. 
Onset  potentials  of  the  oxide  formation  in  PdM/C  samples  are 
shifted  positively  by  26-59  mV  from  that  of  Pd/C  (inset  in  Fig.  5(a)), 
indicating  that  alloying  of  Pd  with  M  elements  prevents  the 
chemisorption  of  hydroxyl  species,  which  can  be  attributed  to  the 
down  shift  of  the  d-band  center  of  Pd  by  the  M  elements.  The  onset 
potentials  of  the  oxide  formation  are  in  the  order  of 
PdNi  >  PdFe  >  PdCo  >  PdMn,  which  again  agrees  well  with  the  ri¬ 
band  center  theory.  Similar  effects  of  alloying  have  been  reported 
for  Pd— M  systems  [15,46].  Since  adsorbed  hydroxyl  species  hinder 
FAO,  the  suppression  of  the  hydroxyl  group  formation  on  PdM/C  is 
taken  as  a  positive  sign  for  the  enhancement  in  the  FAO  kinetics 
through  increased  active  sites.  The  electrochemical  surface  areas 
(ECSAs)  of  PdM/C  samples  and  Pd/C  were  calculated  from  the 
hydrogen  desorption  peak  intensities  of  the  CVs  in  Fig.  5(a);  the 
numerical  data  are  listed  in  Table  1.  The  electrochemical  surface 
areas  of  PdM/C  are  slightly  reduced  from  that  of  Pd/C.  Reduction  of 
ECSAs  upon  alloy  formation  may  be  partly  due  to  the  down  shift  of 
the  Pd  d-band  center,  which  weakens  binding  energy  of  adatoms. 

The  cyclic  voltammograms  of  PdM/C  samples  and  Pd/C  in  a  CO 
saturated  electrolyte  condition  are  compared  in  Fig.  5(b).  The  peaks 
of  CO-stripping  of  PdM/C  (inset  in  Fig.  5(b))  are  down  shifted  by 
83-57  mV  from  that  of  Pd/C,  indicating  the  reduced  propensity  of 
CO-poisoning  in  PdM/C.  Magnitudes  of  peak  shifts  are  in  the  order 
PdNi  >  PdFe  >  PdCo  >  PdMn,  which  agree  well  with  the  prediction 
based  on  d-band  center  theory  36].  Integrated  peak  intensity  also 
must  reflect  the  interaction  strength.  Peak  intensities  of  PdM 
are  significantly  decreased  from  that  of  Pd.  The  trend 
Pd  >>  PdMn  >  PdCo  >  PdNi  >>  PdFe  also  follows  the  general  trend 
of  the  d-band  center  shift,  except  that  PdFe  shows  the  smallest 
value  instead  of  lying  between  PdCo  and  PdNi.  The  reason  for  this 
deviation  from  the  trend  is  uncertain.  However,  we  believe  that  this 
deviation  is  related  to  the  magnetism.  Through  theoretic  studies  on 
Pd3Mn  (100),  Delbeeq  and  Sautet  [47  showed  that  adsorption  of 
CO  on  Mn  reduces  the  magnetic  moment  of  Mn,  and  thus  is  ener¬ 
getically  unfavorable.  Fe  has  the  highest  magnetic  moment  among 
the  M  atoms  studied  in  the  present  system.  The  very  strong  mag¬ 
netic  moment  of  Fe  likely  induces  some  unpaired  spins  in  Pd  which, 
in  turn,  affects  the  bonding  with  CO.  The  decreased  adsorption 
strength  and  affinity  to  CO  of  PdM  are  in  general  agreement  with 
the  literature  data  15,16,18,35,38,48].  A  reduction  in  CO  binding 
may  result  in  more  active  sites  for  the  HCOOH  adsorption/desorp¬ 
tion  and,  thus,  higher  activity  for  FAO. 


Wavenumber  (cm  ') 


Fig.  4.  (a)  XPS  spectra  of  Pd/C  and  PdM/C  samples  on  the  Pd  3d  region  and  (b)  FT-IR  spectra  of  the  CO  stretching  vibration  region  on  PdM/C  and  Pd/C  samples  dosed  with  CO. 
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Fig.  5.  Electrochemical  analysis  data  on  Pd/C  and  PdM/C  samples:  (a)  CVs  (inset  is  a  magnified  view  of  the  onset  of  oxides-formation),  (b)  CO-stripping  (inset  is  a  magnified  view  of 
the  onset  and  peak-intensity),  (c)  CVs  of  FAO,  and  (d)  Tafel  curves  for  FAO. 


The  cyclic  voltammograms  of  FAO  on  PdM/C  samples  and  Pd/C 
are  shown  in  Fig.  5(c).  The  numerical  data  normalized  by  the  Pd 
masses  are  summarized  in  Table  1.  As  shown  in  Fig.  5(c),  the  FAO  on 
all  PdM/C  samples  and  Pd/C  commences  at  almost  the  same  po¬ 
tentials,  but  the  reaction  kinetics  of  the  FAO  on  PdM/C  are  much 
faster  than  that  of  Pd/C.  In  a  typical  CV  of  FAO,  the  current  density  in 
the  cathodic  scan  is  reduced  from  that  of  the  anodic  scan,  which  is 
due  to  the  presence  of  residual  intermediates  hindering  the  access 
of  the  fuel  molecules  to  the  electrocatalyst  surface.  The  order  of  the 
reactivity  toward  the  FAO  among  PdM/C  samples  based  on  current 
density  at  peak  potential  is  PdNi/C  >  PdFe/C  >  PdCo/C  >  PdMn/C, 
which  agrees  well  with  the  trend  observed  in  the  CO-stripping  data 
and  the  trend  of  oxophilicity  observed  in  the  CVs.  Catalytic  activity 
of  PdM/C  samples  (1.704-2.471  A  mgpj )  is  2-3.5  times  higher  than 
Pd/C  (0.715  A  mgFd ).  When  compared  with  the  FAO  activity  of  Pd- 
containing  catalysts  in  the  literature  (~  0.370  A  mgpd  for 
Pdi.86Nio.i9  [16],  0.774  A  mgpj  for  PdsoCoso  [14],  0.267  A  mgpj  for 
Pdss.sCois.s  [15],  0.5567  A  mgFd  for  PdiNi0.74  [35],  0.134  A  mgFtPd 
for  Pd5oPt3oNi2o  [31]),  our  PdM/C  catalysts  show  highly  enhanced 
catalytic  activity.  We  note  that  two  cases  of  high  FAO  activity 
comparable  to  ours  also  have  been  reported.  Pt-decorated  Pd 
(Pd2oPti)  [48]  is  reported  to  have  a  peak  current  density  of 
2.15  A  mgpd.  However,  the  activity  of  this  system  is  likely  due  to  the 
majority  Pt,  not  Pd,  and  direct  comparison  with  our  data  may  not  be 
possible.  On  the  other  hand,  Li  et  al.  [33]  have  synthesized  a  series 
of  Pd-Ni  NPs  on  multi-walled  carbon  nanotube  (MWCNT)  supports 
and  found  that  their  PdNi/MWCNT  shows  a  peak  current  of 
2.25  A  mgpd,  which  is  much  higher  than  other  literature  values  and 
comparable  to  our  data.  Their  data  and  ours  agree  in  that  the 
electrocatalytic  performance  can  be  greatly  enhanced  if  Pd  and  a 
TM  element  are  alloyed.  However,  we  also  note  that  the  particle 
size  in  the  work  of  Li  et  al.  [33]  is  much  smaller  (1.6  nm)  than  ours, 


suggesting  the  high  activity  in  their  PdNi/MWCNT  may  be  partly 
due  to  the  increased  surface  area. 

Since  PdNi/C  showed  the  highest  activity  among  the  PdM/C 
series,  we  tried  to  locate  the  optimum  composition  by  comparing 
the  activity  of  a  series  of  PdnNi/C  (n  =  1, 2,  and  3)  samples.  We  found 
that  an  increase  in  the  Pd-content  does  not  increase  the  catalytic 
activity  probably  because  the  amount  of  charge  transfer  from  Ni 
decreases  as  the  Pd  content  increases  as  evidenced  with  the  XPS 
data  (see  Supplementary  content,  Fig.  S7).  Li  et  al.  [33]  have  re¬ 
ported  agreeing  results  that  PdNi  is  superior  to  Pd2Ni  in  FAO.  They 
also  showed  that  PdNi2  had  lower  activity.  Although  they  do  not 
explain  for  the  latter  observation,  their  data  show  that  the  increase 
of  the  Ni  content  higher  than  PdNi  accompanies  with  the  reduction 
of  ECSA,  suggesting  that  too  high  Ni  content  decreases  the  number 
of  catalytically  active  Pd  atoms  on  the  NP  surface.  The  formic  acid 
oxidation  kinetics  of  PdM/C  and  Pd/C  are  also  compared  via  Tafel 
plots,  as  shown  in  Fig.  5(d).  All  of  the  samples  show  a  linear  rela¬ 
tionship  in  the  lower  output  current  region.  PdM/C  samples  show 
higher  output  current  densities  and  smaller  slopes  than  Pd/C, 
which  agree  with  the  other  electrochemical  data  mentioned  above. 

In  addition  to  Pd/C,  commercial  Pd-black  was  also  analyzed  for 
the  electrochemical  properties  to  be  compared  with  PdnM/C.  It 
turns  out  that  Pd-black  is  even  inferior  to  Pd/C  and,  thus,  is  far 
inferior  to  PdnM/C  (see  Supplementary  content,  Fig.  S8).  Unfortu¬ 
nately,  however,  direct  comparison  with  PdnM/C  electrocatalysts 
was  not  possible  because  the  amount  of  Pd-black  required  for 
generating  a  FAO  current  density  comparable  with  other  samples 
was  at  least  five-fold  excess. 

The  stability  of  electrocatalysts  in  the  electrochemical  environ¬ 
ment  is  one  crucial  factor  in  the  application  of  fuel  cells  [8,23,33]. 
Stability  of  PdM/C  samples  and  Pd/C  was  tested  by  running  po¬ 
tential  sweeps  for  500  cycles  in  an  electrolyte  of  0.1  M  HCIO4 
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containing  0.5  M  HCOOH  with  a  scan  rate  of  50  mV  s-1  (Fig.  6(a)). 
The  current  density  decreases  slowly  with  the  number  of  cycles  on 
all  PdM/C  samples,  whereas  the  current  density  falls  sharply  on  Pd/ 
C,  indicating  that  PdM  NPs  have  higher  stability  than  Pd.  This  is 
probably  due  to  the  facilitated  removal  of  intermediates  on  PdM/C. 
In  order  to  assess  the  inherent  stability  of  the  electrocatalyst  devoid 
of  the  effect  of  a  decrease  in  the  concentration  of  formic  acid  during 
the  cycling,  we  ran  a  potential  cycling  test  on  PdNi/C  by  transferring 
the  electrode  into  a  fresh  electrolyte  solution  after  every  100  cycles 
(inset  in  Fig.  6(a)).  The  current  density  right  after  each  transfer  is 
practically  unchanged  from  the  initial  value  (99.2,  99.5,  99.1,  and 
98.8%  after  first,  second,  third,  and  fourth  100  cycles,  respectively). 
Therefore,  we  conclude  that  the  inherent  activity  of  PdNi/C  is  not 
decreased  during  the  cycling  test. 

In  order  to  further  verify  the  durability  of  the  alloy  NPs  in  the 
present  study,  the  elemental  distribution  within  a  NP  after  the  500 
cycling  test  on  PdNi  was  analyzed  by  STEM-EDS  as  shown  in 
Fig.  6(b).  The  curves  of  Pd  and  Ni  match  well  with  each  other,  the 
same  as  the  plot  on  a  NP  before  the  cycling  test  in  Fig.  3(c),  indi¬ 
cating  that  there  is  no  depletion  of  Ni  or  Pd.  Therefore,  in  addition 
to  the  result  from  the  cycling  test,  the  elemental  distribution  data 
lead  to  the  conclusion  that  the  alloy  NPs  in  the  present  study  are 
highly  durable. 
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Fig.  6.  (a)  Stability  test  results  on  Pd/C  and  PdM/C  samples.  The  saw-like  curve  in  the 
upper  part  is  the  result  on  PdNi/C  with  the  initial  electrolyte  condition  is  restored  after 
every  100  cycles,  (b)  STEM-EDS  line  profiles  for  Pd  and  Ni  of  a  nanoparticle  in  PdNi/C 
after  running  500  potential  cycles  between  0.0  and  0.9  V  (vs.  RHE).  Inset  in  6(b)  is  the 
STEM-HAADF  image  of  the  nanoparticle  of  the  STEM-EDS  line  profile. 


4.  Conclusion 

We  report  the  novel  synthesis  of  bimetallic  PdM/C  NPs  by 
sonochemical  reaction  in  ethylene  glycol.  Our  synthesis  method  is  a 
single-step  method,  not  requiring  heat-treatment  or  additives, 
which  are  conventionally  used  in  most  of  the  syntheses  of  alloy 
NPs.  XRD,  ICP-AES,  TEM,  STEM-EDS  line  profile  data,  and  TEM- 
EDS  data  indicate  that  the  NPs  are  alloys  with  Pd  and  the  M  element 
uniformly  distributed.  The  XPS  and  FT-IR  data  show  that  the  elec¬ 
tronic  structure  of  Pd  is  modified  through  the  interaction  with  M, 
which  conforms  to  the  d-band  center  theory.  CO-stripping  data  also 
confirm  this  conclusion.  The  electrocatalytic  FAO  activity  on  PdM/C 
is  improved  by  a  factor  of  2-3.5  over  that  of  Pd/C.  Among  the  M 
elements  studies,  Ni  is  the  most  efficient  in  enhancing  the  elec¬ 
trocatalytic  activity  when  forming  PdM  alloys.  Furthermore,  the  Pd/ 
Ni  =  1  composition  is  the  optimum  for  the  electrocatalytic  per¬ 
formance.  Durability  is  also  significantly  improved  on  PdM/C  over 
Pd/C.  Therefore,  the  use  of  PdM  alloy  NPs  as  the  FAO  electrocatalyst 
has  the  advantage  not  only  of  reduced  cost  of  materials  but  also  of 
enhanced  activity  and  durability.  In  addition,  the  Ultrasound- 
assisted  polyol  synthesis  method  is  a  convenient  and  cost- 
efficient  procedure  to  produce  such  PdM  NPs,  which  can 
contribute  to  the  realization  of  DFAFCs. 
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